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ABSTRACT 

Criterion of the Jeans instability of interstellar gas clouds which are gravitationally coupled 
with weakly interacting massive particles is revisited. It is established that presence of the dark 
matter always reduces the Jeans length, and in turn, Jeans mass of the interstellar gas clouds. 
Astrophysical implications of this effect are discussed. 

Subject headings: dark matter — gravitation — instabilities — ISM: clouds — ISM: kinematics 
and dynamics — stars: formation 

Investigation of physical processes in clouds of interstellar gas is important for a number of reasons. 
There is a strong evidence that the formation of stars occurs through gravitational collapse of the interstellar 
gas clouds. An important mechanism in triggering the formation of stars and/or stellar clusters is believed 
to be a high-velocity (supersonic) cloud-cloud collisions in which a dense gaseous slab is formed with 
two plane-parallel shock fronts propagating away from the interface (Usami et al. 1995). Then the slab 
grows in mass becoming unstable against gravitational instability which causes its fragmentation. The 
fragments or the gaseous clumps, in turn, collapse further and evolve into stars and/or stellar clusters. 
Yet another mechanism for triggering of star formation is Rayleigh-Parker instability which leads to an 
increase in the curvature of the magnetic field lines that initially were directed parallel to the galactic 
plane. The interstellar gas clouds move along the field lines (due to the "frozen in" condition) and fall into 
the "wells" of the filed. This causes further stretching of the magnetic field lines, making "wells" deeper, 
thus large amounts of gas can fall into the " wells" creating large concentrations of gas which then becomes 
gravitationally unstable (Gorbatskii, 1977). 

In this letter we consider stability of the interstellar gas clouds against Jeans instability in the presence 
of background weakly interacting massive particles (WIMP). We find that presence of WIMP matter yields 
an unavoidable reduction of Jeans length, Jeans mass and Jeans time (time-scale of the collapse via Jeans 
instability). 

Existence of WIMP matter, one of the possible form of dark matter, the latter itself a dominant 
mass component of the universe, is strongly motivated both by standard models of particle physics and 
cosmology. Generally speaking, mass density associated with the luminous matter (stars, hydrogen clouds, 
x-ray gas in clusters, etc.) cannot account for the observed dynamics on galactic scales and above, (Trimble, 
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1987), thus, revealing the existence of large amounts of dark matter or otherwise pointing to a breakdown 
of Newtonian dynamics (Milgrom, 1994, 1995) or the conventional law of gravity (Mannheim, 1995). The 
role of dark matter could be played by anything from novel weakly interacting elementary particles to 
normal matter in some invisible form (brown dwarfs, primordial black holes, cold molecular gas, etc.). A 
global, homogeneously distributed dark matter component can be provided by the vacuum in the form 
of a cosmological constant (see Raffclt, 1995 for a review). Therefore, a revision of classical theory of 
Jeans instability in the presence of WIMP matter, or generally speaking any type of microscopic dark 
matter which is coupled with an interstellar gas cloud only via gravitational interaction, seems to be of a 
considerable importance, especially in the context of star and/or stellar cluster formation. 

The low-surface brightness dwarf spiral galaxy DDO 154 has one of the most extended and best 
studied dark matter halo rotation curves (Carignan & Freeman, 1988; Carignan & Bcaulieu, 1989; Burkert 
& Silk, 1997), with a precisely known contributions from stars, gas and dark matter. DDO 154 is one of 
most gas-rich systems known, but what is more important, the shape of its rotation curve is completely 
dominated by the dark matter even in the innermost regions. Thus, the galaxies like DDO 154 where gas 
dynamics is governed mostly by the dark matter gravitational potential are the best examples where novel 
effects revealed in this letter would be pronounced at most. However, because of their relative proximity, 
detailed observations of interstellar gas clouds are possible only for our galaxy and one has to extrapolate 
this knowledge on other galaxies, because there is no reason to believe that our own galaxy is exceptional in 
any respect. Moreover, our own galaxy is known to have a dark matter halo, which makes results presented 
here relevant for the description of physical processes in the interstellar gas clouds in the Milky Way (see 
discussion below). 

Equations that govern dynamics of two self-gravitating fluids (an interstellar gas cloud and WIMP 
matter) inter-coupled only via gravitational interaction can be written in the following way: 

§^ + V(^) = 0, (1) 

dV - VP 

+ (Vt ■ V)Vi = -V^ (2) 

OX pi 

Pi = Kip\\ (3) 
A^ = 47rG^Pi, (4) 

i 

where notation is standard: V, Pi, pi and <pt denote velocity, pressure, mass density and gravitational 
potential of the fluids. The subscript i — g,w denotes two components, interstellar gas and WIMP 
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matter respectively. Now, writing every physical quantity, for brevity commonly denoted by /, in a form 
°f / = /° + f' exp[i(kr — u:t)] and doing usual linearization of the Eqs.(l)-(4) we can obtain following 
dispersion relation for the perturbations 

1 



(5) 



where (uj J g ) 2 = AirGp° g - c 2 g k 2 , {uj^) 2 = 47rGp° - c 2 w k 2 . c g = <J~/ g P°/p g and c w = yJ^wP^/Pw denote speeds 
of sound of the gas and dark matter respectively and finally, 5 = 4ttG^J p g p%, which is the term providing 
the gravitational coupling between the two fluids. 

From Eq.(5) a criterion for the onset of instability can be easily obtained 

K J ) 2 (^) 2 < s 2 - (6) 

Now, introducing Jeans length for the gas and dark matter in an usual way 



C 3"W /~i„0 c w\l ^ j i (7) 



G Pg > w w \jg p %> 

we can rewrite the instability criterion, Eq.(6), as 

A > Ag ee A J (8) 

^/l + (\ J g /Xi) 2 

Note that in the case of a gas cloud alone, i.e. without the dark matter background, the criterion for the 
onset of Jeans instability, Eq.(8), is simply A > . That is presence of the gravitationally coupled dark 
matter component results in an additional factor of + (A^/A^) 2 . Thus, it is clear that in the case 

of presence of the dark matter, Jeans length for the gas cloud is always reduced to a value smaller than 
without dark matter. The latter, of course, is in accordance with general physical grounds, since the dark 
matter induces additional gravitational pull upon the gas inside the cloud. However, to the best of our 
knowledge this effect has not been studied quantitatively so far. 

It is instructive to give a more specific estimate for A J . For this purpose we assume, further, that a 
proposed dark matter component is in a form of a neutrino ball, one of the possible candidates of WIMP 
dark matter which recently has been studied by some authors (Bilic & Viollier 1997; Bilic et al. 1997; 
Tsiklauri & Viollier, 1996, 1998a,b,c; Viollier et al., 1992,1993; Viollier, 1994). That is a gas cloud is 
immersed in a neutrino ball which is composed of massive, self-gravitating, degenerate neutrinos, an object 
in which self-gravity of the neutrino matter is compensated by its degeneracy pressure, likewise in an 
ordinary polytropic star except for thermal pressure is replaced by the degeneracy pressure due to Pauli 
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exclusion principle. We start calculation with an estimate of the squared Jeans length for WIMP matter 
(A^,) 2 . Using, Eq.(7) and polytropic equation of state for the neutrino matter (Viollier, 1994) 



5m^ 3 



(9) 



where, g is spin degeneracy factor (in these notations g = 1 corresponds to the case when there are only 
neutrinos in the ball, whereas g — 2 corresponds to the case when there are both neutrinos and antineutrinos 
present), ra v is the neutrino mass, we obtain 

(A^) 2 = ~KP- 1/3 - (10) 

Eqs.(l-8) have been derived under assumption that the both gas and dark matter components are 
homogeneous. In the neutrino ball, however, the physical quantities vary with the radius, like in an ordinary 
polytropic star. A gravitational potential of the neutrino ball may well be approximated by a constant 
density distribution, with an average density given by p = (3(— £ 2 0')i/£i)/°e- Here, p c denotes the central 
density in the neutrino ball and £i = 3.65375 and (— £ 2 #')i = 2.71406 are usual notations from polytropic 
theory of stars (Cox & Giuli, 1968). Thus, putting (3(— £ 2 #')i/£i)/°c — > p in the Eq.(10) and using standard 
definition of the Lane-Emden unit of length (Cox & Giuli, 1968) (except that we have 87r instead of 4ir 
since we have contribution both from neutrinos and antineutrinos) 



we finally obtain 



t 47T 

( A ») = — YRTTFi R v = 2-6760i?„. (12) 



Here, R v is the radius of a neutrino ball defined in an usual way by R v = r„£i. 



Now, to estimate the reduction factor in the Jeans length, 1 / ^Jl + (A^ /A^) 2 , we use a typical physical 
parameters for an interstellar gas cloud, namely, A^ « 30pc, its size w 2 pc (Gorbatskii, 1986, 1977) and 
assume that radius of a neutrino ball is 1 pc, i.e. the gas cloud is fully immersed in the neutrino ball. 



Using these values we obtain l/y'l + (A^/A^) 2 = 8.8848 x 10~ 2 . This estimate clearly demonstrates that 
presence of background dark matter which is gravitationally coupled to the gas cloud significantly reduces 
its Jeans length, A^, and in turn, its Jeans mass, which is proportional to (A^) 3 . Therefore we conclude 
that the star formation rate which is obviously related to the Jeans length of a star-forming cloud can, in 
principle, serve as a test for the amount of dark matter in the Galaxy. 

As it was mentioned above, typical physical parameters of an interstellar gas cloud in our galaxy are 
a characteristic size 2-3 pc, density w 10~ 22 g/cm~ 3 , and Jeans length A^ w 30 pc, i.e. a typical cloud 
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is stable against gravitational instability (its size is an order of magnitude less than corresponding Jeans 
length). However, as it is known from the observations, in our galaxy there are some gigantic cold gas 
clouds whose age is larger than their typical Jeans time. The lifetimes of these molecular clouds have been 
inferred to be few times 10 7 years from the total fraction of gas mass in the Galaxy in the form of molecular 
gas, and from the lifetimes of young stars associated with them (Blitz & Shu, 1980). It has been argued 
that the shock formation due to the observed hypersonic velocities would dissipate the energy stored in 
clouds quickly enough so that entire cloud would collapse and form stars in a time span not much longer 
than its free-fall time, that is, tg = 1.4 x 10 6 / v /2n(iJ 2 )/10 3 cm 3 yr, where n{H2) is the number density 
of molecular hydrogen (Goldrcich & Kwan, 1974; Field, 1978). Three approaches have been put forward to 
explain this discrepancy (Mac Low, 1997). Arons & Max (1975) suggested that strong enough magnetic 
fields can prevent creation of shocks which will increase the dissipation time. Scalo & Pumphrcy (1982) 
have argued that hydrodynamic turbulence, which is thought to be capable of preventing the collapse, 
will dissipate more slowly than expected. However, as shown by Mac Low et al. (1997), via performed 
numerical studies of compressible, decaying turbulence, with and without magnetic fields, the observed long 
lifetimes and supersonic motions in molecular clouds must be due to some kind of external driving (e.g. 
stellar outflows (Silk & Norman 1980), photoionization (McKee 1989, Bertoldi & McKee 1996), galactic 
shear (Fleck 1981) of combination of these thereof) as undriven turbulence decays far too fast to account for 
observations. On the other hand, existence of the dark matter halo around our galaxy has been thoroughly 
established through gravitational microlensing events of stars in the Large Magellanic Could (Alcock et al., 
1996, 1997). It has been established that the dark matter within 50 kpc (14 disk scale length) is order 
of 2.5 x 10 n M Q , which is 4 to 5 times the mass of the galactic disk (w 6 x 10 10 M Q ). Therefore, in the 
light of the results of this letter, problem of existence of the long-lived star-forming interstellar clouds of 
molecular gas, pointed out above, becomes even more enigmatic. At the same time, one has to admit 
that obviously, simple minded, classical theory of Jeans instability cannot be used for drawing of detailed 
picture of star formation process in the molecular clouds. It is likely that mechanisms that trigger and 
govern star formation are related to those, yet not clearly identified, processes which prevent the gigantic 
molecular clouds from gravitational collapse. However, it is probably also not a mere coincidence that, for 
typical molecular clouds having mass in the range 1O 3 -1O 6 M , number densities of the order of 10 6 cm~ 3 
and temperature of the order of 10K, classical Jeans theory sets correct mass scale, i.e. Jeans mass is of the 
order of ~ M Q — a mass of a typical star. 

Finally, we would like to remark that as an illustrative example we have considered a neutrino ball 
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as a possible from of a dark matter. However, the results of this work are equally valid for any type of 
microscopic dark matter, microscopic in a sense that it can be described as a continuous medium, i.e. by 
the hydrodynamic equations. 

I would like to thank Dr. Steven Shore of Indiana University South Bend for valuable comments and 
suggestions. I also would like to thank an anonymous referee for a number of useful suggestions. 



- 8 - 



REFERENCES 

Alcock, C. et al. 1996, ApJ, 461, 84. 
Alcock, C. et al. 1997, ApJ, 486, 697. 
Arons, J. and Max, C.E. 1975, ApJ, 196, L77. 

Bcrtoldi, F. and McKee, C.F. 1996, in Amazing Light, ed. R.Y. Chiao (New York: Springer), 41. 
Bilic, N. & Viollier, R.D. 1997, Phys. Lett. B. 408, 75. 

Bilic, N., Tsiklauri, D. & Viollier, R.D. 1997, Prog. Part. Nucl. Phys. (accepted). 
Blitz, L. and Shu, F.H. 1980, ApJ, 238, 148. 
Burkert, A. & Silk, J. 1997, ApJ, 488, L55 
Carignan, C. & Freeman, K.C. 1988, ApJ, 332, L33. 
Carignan, C. & Beaulieu, S. 1989, ApJ, 347, 760. 

Cox, J.P. & Giuli, R.T. 1968, Principles of Stellar Structure, vol.2, (New York: Gordon & Breach, Sci. 
Publishers), p 707 

Field, G.B. 1978, in Protostars and Planets, ed. T. Gehrels (Tucson: Univ. of Arizona Press), 243. 

Fleck, R.C. 1981, ApJ, 246, L151. 

Goldrcich, P. and Kwan, J. 1974, ApJ, 189, 441. 

Gorbatskii, V.G. 1986, Introduction to the physics of galaxies and globular clusters, (Moscow: Nauka) in 
Russian 

Gorbatskii, V.G. 1977, Cosmic gasodynamics, (Moscow: Nauka) in Russian 



Mac Low, M.-M. 1997, |astro-ph/9711349 



Mac Low, M.-M., Klessen, R.S., Burkert, A. and Smith, M.D. 1997, |astro-ph/9712013 
Mannheim P.D., 1995, |astro-ph/9504022| . 



McKee, C.F. 1989, ApJ, 345, 782. 
Milgrom M., 1994, Ann. Phys., 229, 384. 



Milgrom M., 1995, astro-ph/9503056 



Raffelt, G. 1995, astro-ph/9511041 



- 9 - 



Scalo, J.M and Pumphrey, W.A. 1982, ApJ, 258, L29. 

Silk, J. and Norman, C. 1980, in Interstellar Molecules, IAU symp. 87, ed. B.H. Andrew (Dordrecht: 
Reidel), 165. 

Trimble, V. 1987, ARA&A, 25, 425. 

Tsiklauri, D. and Viollier, R.D. 1996, MNRAS, 282, 1299. 
Tsiklauri, D. and Viollier, R.D. 1998a, ApJ, July 10 issue. 
Tsiklauri, D. and Viollier, R.D. 1998b, ApJ, 500, 591. 

Tsiklauri, D. and Viollier, R.D. 1998c, ApJ (submitted), |astro-ph/9805272| . 
Usami, M., Hanawa, T. and Fujimoto, M. 1995, PASJ, 47, 271. 
Viollier, R.D., Leimgruber, F.R. and Trautmann D. 1992, Phys. Lett., B297, 132. 
Viollier, R.D., Trautmann, D. & Tupper G.B., 1993, Phys. Lett., B306, 79. 
Viollier R.D., 1994, Prog. Part. Nucl. Phys., 32, 51. 



This manuscript was prepared with the AAS IATj^X macros v4.0. 



